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PART ONE

THEORY AND EXAMPLES

I. INTRODUCTION

In a previous report [1], it was demonstrated that for linear

and circular arrays of dipoles the radiation characteristics can be

controlled by using a single feed and reactively loading the other
dipoles. By varying the load reactances, the antenna beam can be

steered.

This report uses a similar technique applied to a waveguide—

backed aperture array . Only one aperture is excited. The remaining

apertures are reactively loaded by placing electrical short circuits

in waveguides at variable distances from the apertures (see Fig. 1).

An important advantage of this design is a reduction in the number of

• direct—fed elements in an aperture array.

Coe and Held [2] considered a similar problem which involved
the dual of the YAGI—UDA linear antenna array using rectangular

apertures (reflector, feed , and directors) in an infinite conducting

ground plane. Their work was concerned primarily with radiation in

the end—fire direction.

II. GENERAL FORMULATION

The basis for this formulation can be found in a previous

report by Harrington and Mautz [3] which presents a general treatment

of aperture problems. We first consider the problem of a single waveguide—

backed aperture radiating into a half—space (see Fig. 2). The Equivalence

Principle [4] is used to divide this problem into two separate regions

• as follows (see Fig. 3). The aperture is covered by an electric conductor.

The fields in the waveguide region are produced by the impressed sources
• i i

.1 , N , and the equivalent magnetic current N where

M = t I x E  (1)
- ,‘.- ~~ ,

over the aperture region with the aperture covered by an electric 

-
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~~~~~~~~~~~~~~~~~~ APER TU RE

CONDUCTORS

- Fig. 2. A single waveguide—backed aperture radiating into

half space bounded by an electric conductor.
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conductor. The fields in the half—space region are produced by the

I equivalent magnetic current, —
~~~~ with the aperture covered by an

electric conductor. The fact that the equivalent magnetic current in
- • I the waveguide region is +M and in the half—space region —N ensures

that the tangential component of electric field is continuous across

‘ 
the aperture .

Another necessary boundary condition is the continuity of the

I tangential component of magnetic field across the aperture. The tan-

gential magnetic field over the aperture on the waveguide side, H~~, 
- •

is equal to

= + ~~ g 
~~~ (2)

1 where
• I

I Is the tangential magnetic field due to impressed

sources

I ~~
g
(14) Is the tangential magnetic field due to the

equivalent magnetic source —

On the half—space side of the aperture we have

HhS (M)  — Hhs(M). (3)I M.t A.~t W~ t M ~

Note that ~~~~, ~~~~~ and ~~~ (M) are all computed with an electric

I conductor covering the aperture. A true solution is obtained when

}1Wg of (2) equals of (3) , or

I n~~ (M) +~~~~ (M) = —~~~~~~~~~ . (4)

I Equation (4) is the defining relationship for determining the equivalent

magnet ic current M.

I In reality,  only an approximate solution of equation (4) can be

obtained . The technique used in this report for solving equation (4)

I is the method of moments [5]. At this point in the formulation, we

will extend our results to consider the multiple aperture case.

I
I 
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The extension from the single waveguide backed aperture problem

to an array of wavegulde-backed apertures with one waveguide fed is

straightforward . Assume k(odd) apertures with the center aperture (i i)

driven. An electric conductor is p laced over each aperture and the

following boundary conditions are met (see Fig. 4)

+ 
~~~ ~~ ij ~~

’ .[_

~~~~~ 

=

I = 1,2 , . . .  ,k (5)

where R’~ (M1) is evaluated in the equivalent waveguide region and
hs ~~iiH,~ (M ) in the equivalent half—space region of the I—th aperture.
Ii

Ml is the equivalent magnetic current H in the j—th aperture region.

Now define

M~~ = u  V M . (6)
- ~y j J

where V~ Is a complex constant to be determined and M~ is an expan —

sion function to be specified. Substituting (6) into (5), we obtain

o k+l

~~~~~~ 

Mi) + 
j~~l 

v~ ~~~~~~~~~~~ 
f-H~ : 

(7)

I = l,2,...,k

Next, we define a symmetric product

= if A • B dS (8)

aperture

and a testing function W1 in the i—th aperture region. Then, taking

the symmetric product of (7) with each testing function , W~ , we obtain

V1
<W1, 11~

g (M
1
)> + 

~ 
V
j
<Wi,H~~ 

(M
i
)> 

2

ii 1—1 ( .<W1,H1> I

i = 1,2,... ,k (9)

I
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Fig. 4. The waveguide—backed aperture array problem divided into

multiple regions with equivalent sources.
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Solution of this set of linear equations determines the coefficients

V~ and, therefore, the magnetic current 
~~~~~ . Once has been found ,

the field and field—related parameters can be computed .

Equation (9) can be rewritten in matrix notation as follows:

Define an admittance matrix for the waveguide regions as

[Y~~~] = [<—w 1, H~~ (M
1) > ]  (10)

ii

and for the half—space regions as

[y hS
] = [<—w 1, H~

S (M ) > ]  (11)
ii

where ~~~ (M ) is the tangential magnetic field in the i—th aperture

region ge erated by the magnetic current in the j—th aperture region.

The minus sign is due to conventional power considerations. Define a

Source vector

Ti 
= [<W

1, 
H
~
>]k l  (12)

and a coefficient vector

= [V j ]
k l  

. (13)

The resulting matrix equation which is equivalent to (9) is —

[y WR + ~1
hs

1~ = ~ i (14)

The physical interpretation of (14) is that of two generalized

admittance networks, ~y~
Jg

1 and [y
hS] in parallel with the current

source t1 (see Fig. 5). By inverting (14), we obtain the resulting

voltage vector which is the vector of coefficients which determines

= [~
wg 

+ ~
hs

1
_l Ti (15)

where

Yl

~~~~

= : 
T1 =

• . 2
-

• 

0

iI~

___________ 
_;

~~~~~~~____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~wg ~hs ~hs ~hs
11 11 12~~~~~~~~~~ 1k

hs hs
. “21 “22

[ywg ] = . 
(..~hs ] =

0~
. :
.~ wg ~hs .

- kk~! • kl kk .

An important result of this formulation is the separation of the

• original problem into two regions (waveguide and half—space) whose

characteristics are defined by the admittance mat rices , [Y~~ ] and [~ h5 ]

Computation of [Y~~] involves only the waveguide region and [y~
5] only

the half—space region . (One can see that a number of aperture boundary

value problems can be solved by this equivalence formulation -— see

reference [3].)

Now the following assumptions are made (see Fig. 6a):

• 1. The waveguides and apertures are one—half wavelength long.

2. The waveguides and apertures are filled with a dielectric £r .

3. Only the dominant mode exists in the waveguides and apertures .

4. The apertures are located on the x—axis with the long dimen-

sion in the y—direction.

5. There are an odd number of apertures.

6. A single expansion function represents the magnetic current

covering each aperture region.

In addition to the preceding assumptions, the expansion (N
i
) and

testing (W
i
) functions are defined as follows:

— P~ (x) cos ky (15)

W , 
— M~ P~ (x) cos ky (16)

• where d — < x < d + (see Fig. 6b)
P~~(x

) _ .~ 
wL i j

L 0

__________ •~~~~~
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Substitutin g (15) and (16) into (10) and (11) we obtain

y~~ = <— cos ky, H~~ (cos ky)> (17)

-t Y~~ ~~ <- cos ky, H~
S (cos ky)> . (18) —

III. ADMITTANCE FORMULATION

a) Determination of Y~~ —

For the specific problem considered in this report, the wave—
guides are taken to be filled with a dielectric (c ), which lowers the
cut—off frequency and allows the dominant mode cosine field to exist
across the aperture.

For all of the waveguides except the externally driven onek+1
~-T—~ we have

= -~~~~ <- cos ky, H’~~ (cos ky)>w 
ii

= - j  Y cot k1 d~ (~ ),  I 
~ 

(19)

where d1(4 ) is the specific distance of the short circuit from
the aperture in the i—th waveguide (dependent on
beam steering angle ~)

k is the free—space wave number
k is the cut—off wave numberC

k - k ~~- i ~~1 r c

Cr is the relative permittivity of the dielectric filler
i~ is the free—space intrinsic impedance

1 / k c 2Y — —  ic  — (—)o TI y r  k

•~~~~~~:
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Equation (19) is identical to the input admittance of a short—circuited
transmission line where the characteristic admittance of the transmission

line is rep laced by the wave admittance of the dominant mode, Y0. Physically,
we have a waveguide excited at one end by an external field (mutual coupling)

which is represented by an equivalent magnetic current source and short

circuited at the other end (see Fig. 7) .

k+lFor I — —r- (externally driven waveguide) , we have

= <— cos ky, ~~~ (cos ky)>

= Y which is the wave admittance for the0
dominant mode. (20)

b) Determination of Y~~ —

For evaluation of the off—diagonal elements of [~ h8 ) ,  the

equivalent magnetic current sheet in each aperture region is approxi-

mated by a filament of magnetic current, W P(x) cos ky, at the center
of the aperture (see Fig. 8(a)).

• hsFor evaluation of the diagonal elements of [Y 1, the concept

of equivalent radius (see reference [6]) is used. This concept simply

equates the characteristics of an aperture antenna to that of a cylin-

drical dipole with a radius w/4 (see Fig. 8(b)). Even though this

equivalent radius is determined from a quasi—static principle , the

admittance value obtained agrees quite closely to a time—harmonic

derivation which solves for the admittance directly (see reference 7).

Now both diagonal and off-diagonal terms of the admittance

matrix [Yh5
1 are In a form that can be evaluated using a dipole formu-

lation. Y~~ is proportional to Z1~ in [8 — equation 2—5 ]

L/2 sin k (~ — Iz i)
(Z~~ = — J E1~ (z) kL da)

—L/2 sin 2

Therefore,
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Fig. 7. The reactive load specified by equation (19).
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APE RTUR E~~~~~~~~~~~~~~~MAGN~~~ C I1~~LMAGN ETIC CURRENTR EGION CURRENT SHEET, ~~~~~~~ .._i FILAMENT, w P(~ ) COS ky
~~~~w —o4 P( x ) COS ky

(a ) MAGNETIC CURRENT FIL.MENT APPROXIMATION USED IN
DETERMINING THE OFF-DIAGONAL COMPONENTS OF [vt’ ]

I EQUIVALENT I

RADIUS ,— £

I :\ c ~~~~c FIELD, E(z ) ,

APERTUREJ 
=~ •ftI 

USED IN CALCULA11NG

REGION L... !\MAGNET IC 
~~~ IC U R R E N T  E L E C T R I C  4

I P(x) COS k y EQUIVALENT F~LAMEJT ,
CYLINDRICAL wP (x ) COS ky
DIPOLE

(b) EQUIVALENT RADIUS AND MAGNETIC CURRENT FILAMENT
APPROXIMA TI ONS USE D IN DETERM1N1NG DIAGONAL
COMPONENTS OF [v~’]

Fig. 8. Magnetic current source approximations used in the evaluation

of diagonal and off—diagonal components of [Y~~].
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[Yr] = [-4 <— cos ky H~
S (cos ky)>]

— i— . i— . w2 
• IZ

2 wL L
ii

TI

= -
~~

- •
~~~~~

• (z 1 (212 L  ij
TI

In the above equation, the first factor of 2 is due to imaging the

magnetic current expansion function across the ground plane. The factor

V arises because both the expansion and testing magnetic curren t fila-
ments are proportional to w. Finally, since the magnetic field due to a

magnetic current is the same as the electric field due to an electric

current with ~ and c interchanged , the factor is needed to reciprocate

the factor ii included in the expression for E
ij
(z) to obtain . By

~ii
incorporating the solution given for Z

11 
in [8 — equation 2—7] into (21) ,

we obtain

y = .i_ (~) [2 Ci(kd) — Ci(u2
) — Ci(v2)]

— ~t (~) [2 Si(kd) — Si(u
2
) — Si(v2

)] (22)

where u2 k (Jd2 + L2 + L)

v2 k ( ~Id
2 + L 2 _ L )

I’ cosc i ( x ) — — j  v dv

x

x
I sln v

S i ( x ) = J  dv

0

- • i — j ,  d = ~~

I ‘~ i, d is the distance between the apertures i and J .

~

- - - • --

~

--- -- -—--~~~~~~-— 
~~~- - - ------ ~~~--~~~ ---~~~~ — ---~~ — - - -— —

~~~
•
~~
-----

~~~~~~~ 
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IV. GAIN FORMULATION

If the j —th waveguide is driven by an equivalent voltage source
while all the other apertures are short circuited (therefore, acting like

a continuous ground plane) , a magnetic current ~ will exist in the presence
of an electric ground plane radiating into the half—space (z > 0). To

determine the magnetic field at a point r , consider the following analysis

(see Figs . 9 (a) and (b)).

By placing a magnetic dipole K~~ at r and using reciprocity in

terms of this field ani the original f ield , we obtain the following equa—

tion

H K2~ = — (1 M • H ~dS (23)m m  j J  -
~~~~~aperture

where ~m is the magnetic field from in the presence of a complete

conductor and H is the component in the direction of 1(1 of th2 magneticm
field at r due to —M in the presence of a complete conductor. Thc mag-

netic current H in (23) is generalized to the set of magnetic currents

u V M in the i—th aperture to obtain- • _ y i i

mH K2~ = L V <-M , H >m m  
~~~

i i

-m -~~
= I V i = 1,2,...,k (24)

where is the transpose of the measurement vector

= (<— ~~~ H
m>]kXl . (25)

Substituting (14) for in (24) we obtain

H Ki — ~m
[~~wg 

+ y
h5j~~t~ . (26) -:

Now consider the following assumptions:

(1) We adjust K9 m so that it produces a unit p lane wave

in the vicinity of the origin , that is ,

~

- - --

~ 

~~~~~ - - - • 
- 

- - _______
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Fig. 9. Waveguide—fed aperture in a plane conductor.
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= th~K9. 4,trm m

(2) Define the far—field measurement vector as

- 
—jk ‘r

= — 2 M u • u e dS . (28)I I ii j— y -m
j —th

aperture

Substituting (27) and (28) into (26) we obtain

-j kr
H = ~j ç~c e m •-m [ wg + yhs

]_1ti (29)
m 4v rm

The complex power P~ transmitted through the aperture is

P~ ff E x H * . f t d S

aperture

f t  *
= JJ M • H  dS . (30)
aperture

Since this transmitted power is only dependent on the tangential com-

ponent of H in the half—space (H~~ (—u M
1
)), equation (30) becomes

= — ~ V1V if Mi 2,~ 
~~~~ 

M
1

)) *dS

aperture

* hs *Y
- • i i  ii

- hs *- ~*= V [Y ] V (31)

i ,j = l,2 , .. ., k .

The gain (ratio of radiation intensity in a given direction to
the radiation which would exist if the total power, 

~~~~~
‘ 
were radiated

_ _ _ _ _  

~~~~~~~~~~~~-~~~~~~~~
_ • •~~~~~~~~~

_ -_•_
~~~
_-_  _ _
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uniformly over the half—space) associated with the u componen t of the

magnetic field in the half—space (z > 0) is given by

2 22ii r nrH
G Real (P~~ 

• (32)

By substitution of 
~~~ 

and H into (32) , we obtain

2
G = 

- 

k
h * ~~ 

~ n~~ 2 (33)
8rr ri Real(V [Y S

1 v )

where

a) For E—p lane patterns —

+w12+x x/4
= — 2 •/-

~~~~ f e1~~ 
COS ~ dx f cos ky dy

—w/2+x
1 

—X/4

. k w
____ 

j  j kx~ cos 
~ 

sin 
~

-

~~

- cos 4)
(34)

2 cc ’s C~

b) For H—plane patterns —

= w (-’sin ~) J e~~~ 
cosecos ky dy

= 
4~/~ 

cos(~~cos ~)

Note : 0 is measured from the positive y axis in the x 0  plane .

V. REP RESENTATIVE COMPUTATION S

A computer program has been writ ten using the precedin g derived

equations . This program Is described and listed in Part Two of this

report. For this section , results will be given for N=7 and N=9 aper—

ture arrays .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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For the initial reactive loads, those which resonated complex and

real equivalen t sources were tried . In the ~ = 00 case , e,~ch required

about the sane amoun t of CPU time , while at ~ = 300 , 600 and 900 , the

loads which resonate complex equivalent sources required fewer iterations

to achieve a maximum . In every case, the same end point was realized .

Figure 10 Illustrates the maximum gain case for N=7 aperture array .

If all the apertures are fed, maximum gain can be obtained since we have

complete control over the comp lex sou rce for  each aperture . The disat~—

vantage of this case lies in the excitation. A mult ip le feed network
is required to realize the various complex excitations which are dependent

on the beam steering angle 4 .

Figure 11 illustrates the maximum gain that can be obtained using

a single feed and reactive loads. The main advantage of this technique

is the elimination of the comp lex rf feed networks used in the former
case. Reduced controllability of the gain characteristics is the penalty

that is paid by using this form of excitation. The results for this case

were computed for d
1 

= O .27A which is in a higher Q region of operation

for the array.

Figure 12 illustrates the same number of apertures but in a lower

Q (greater usable ban dwidth) region of operation . The beamwidth is ex-

ceptionally high at ~ = 300 but becomes more satisfactory at greater

beam steering angles. At the present time, this result would appear to

restrict the useful scanning region for a practical Q and beamwidth .

Figure 13 illustrates the N=9 aperture case. The gain char-

acteristics appear satisfactory except for the back lobe direction

(~ = 180°) at low beam steering angles.

VI. REALT~ATION OF THE REACTIVE LOADS

The reactive load as specified by equaiton (9) is short circuit

terminating a transmission line. It can be realized using a variety of

techniques. One of the simplest realizations is a sliding electrical

conductor in a waveguide . This technique would be advantageous if it

were desired to point the antenna beam in a fixed dirertion .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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50- 15-

S O-

50 25 25 50 IS 10 5 5 10 IS
GAIN GAI N

( a)  4 = 0 0  (b) 
?~
,o 300

Hd j~~
‘5- ‘5

10- I0~~

15 10 5 5 10 15 IS 10 5 5 10 15
GA)N GAiN

(c) 4 :6 0 0  (d ) 4 =900

Fig. 10. Radiation gain patterns for a seven element aperture array

when all elements are driven by the complex equivalent voltages

which yield maximum gain , d
1 

= 0.27 A.
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30- IS

20- 10

10- 5 -

I I I I30 20 10 10 20 30 IS 10 5 5 10 IS
GAIN GAIN

(a )  4~~O° ( b )  # z 3 O 0

HdjH
IS IS-

I I I~~~~~~~~~~~~ I I 1 I ~
IS 10 5 5 10 IS IS 10 5 5 10 IS

GAIN GAIN
(c )  4’~~60° (d)  4’ : 900

Fig. 11. Radiation gain patterns for a seven element reactively
loaded aperture array when only the center aperture is
externally driven , d

1 
= 0.27 A.
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I I I I I I I I J ~~~~~~~~~~~~~~~~ I
30 20 10 10 20 30 IS 10 5 5 10 IS

GAIN GAIN
(~) 4’°0 (b )  4 ’.30’

Hdj h-
IS 1~~~~~,I71 ~7 I rZ~’. $ 5

to 
I 

to

579 5

I I I I I I I I I
IS 10 5 5 10 $5 $5 $0 5 5 10 $5

GAIN GAIN• (c) 4 :6 0° (d) 4~
:90°

Fig. 12. RadIation gain patterns for a nine element reactively

loaded aperture array when only the center aperture is

externally driven , d
1 

= O.35A .
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30- IS-

I I i I , 1
1:i, ~~~~~~~~~~~~ 

I I40 30 20 10 tO 20 30 40 IS 10 5 5 10 IS
GAIN GAIN

(a) 4 ’°0°  (b) 4’ .30’

15— $5

to 
I 

I Oft\

I I I I I I I I I I 1IS 10 5 S 10 IS 15 $0 5 S 10 15
GAIN GAIN

(c) 4 ’ .60°  (d ) 4 ’ — 9 0

Fig. 13. Radiation gain patterns for a nine element reactively

loaded aperture array when only the center aperture is
externally driven , d

1 
= 0.33A.
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If it is desired to actively steer the antenna beam, the follow-

ing technique is proposed . A waveguide to microstrip transition along

with p—i—n diodes imbedded in a inicrostrip transmission line (see Fig. 14)

is one possible realization for the variable reactive load .

Due to the increased availability of microstrip components using

MIC technology , the use of waveguide to microstrip transistions has become

more prevalent in the microwave industry. J. Heuven of the Philip ’s

Research Laboratories [9] has fabricated a waveguide to microstrip tran—
sition that exhibits increased bandwidth due to the employment of a

• stepped ridge waveguide transformer. He claims that lower reflectivity

than previous designs has been achieved. The waveguide to microstrip

transition shown in Fig. 14 is a modification of his design.

To realize variable short circuits terminating a transmission

line , the use of p—i—n diodes for the active shorting elements along

with mierostrip for the transmission line is proposed. Under zero and

reverse bias, a p—i—n diode exhibits very high Impedance at microwave

frequencies , whereas at moderate forward currents it has a very low

impedance. These characteristics permit the use of p—i— n diodes as the

active electrical shorting element in the proposed design.

The entire circuit including waveguide to microstrip transition

could be housed inside the reactive load waveguide. In addition, the

waveguide would provide adequate rf shielding for the microstrip circuit.

For the lower frequency range and lower dielectric constants

normally used for microstrip circuit fabrication, commercially available

p—i—n diodes could be used in their cylindrical shaped package, while

for the higher frequencies and dielectric constants , the p—i—n diode

chip would have to be used. This leads to the feas ibility of MIC circuit

fabrication techniques which would provide a rather compact package for

the entire reactive load . M. E. Davis [10] has clearly demonstrated that

this fabrication technology is at hand.

L — - - ~~~ •
~~~~~~~~ ____  ~~~~~
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WAV EGU IDE
DIELECTRIC

TAPERED FILLER
RIDGES \~ \ MICROSTR IP

WAVEG UIDE N DIELECTRIC WAVEGU IDE

~ MICROSTRIP~~ \~ 
SUBSTRAT~

DIoDES~~
,/

/
~~~~~
/J2/.

• 1_] •
‘\ •

~ 
•‘ 0 0 0

GR 0UN D~~,.. \ ~~. \ •0•  • 0 0 . , 0 0~~~~ S 0 0 0 . SS

PLANE \ \ ••.  . . . . . . . . . . . .
_ _ _  _ _ _ _ _ _ _ _

BALUN (BALANCING f~ SYMMETRIC WAVEGUIDE f X

TRANSFORMER )— [
~~ LINE DIELECTRIC L....

S LOTS IN SECTiON F ILLER
GROUND PLANE

CON DUCTOR

(a) SIDE VIEW (CROSS-SECTION ) (b) FRONT V I E W

Fig. 14. Proposed design for a variable reactive load specified by

equation (19) .
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VII. DISCUSSION AND CONCLUSIONS

The computer program has Its basic limitations as does any

mathematical model of a physical system. One limitation involves the

spacIn g between apertures and the aperture width (some kind of failing
as in a thin—wire dipole array problem) . This limitation is most prevalent

in the high Q operating region of the aperture array . Numerically , the
HSmatrix Real (Y ) used in the gain calculations is numerically not posi—

tive definite (see Table 1) and , therefore , the gain becomes unbounded.
The high Q region of operation is usually not the most useful operating

point. However, a lower Q region may yield an undesirable beamwidth at
the lower beam steering angles. Therefore, an operating point in between

appears to be the most promising.

While the gain is not a function of aperture width, the aperture

admittance is related to it (see equation 22). Use of the thin dipole
approximation for calculating the aperture admittances restricted us

to using very narrow apertures. These small widths yielded aperture

admittances and ultimately reactive load values (which are of the same

order of magnitude) considerably less than the dominant mode wave ad-

mittance , Y0. Tables 2 and 3 show the reactive load values required to
obtain the data for the cases illustrated In Figs. 11 and 12. Y for

0

these two cases is 1.97 mmho, which corresponds to a dielectric con-

stant of Cr 
— 1.55. Therefore, due to the large difference in magnitudes

between and the aperture admittances, a mismatch occurs at the wave—

guide aperture to half—space boundary. In addition, Tables 4 and 5 depict

the short circuit distances required to realize the reactive loads given

in Tables 2 and 3 for the ~ = 0° direction. The small distances required

would make the physical realization suggested in the previous section

difficult.

The analysis so far has considered only the lossless case. In

reality, loss would be present in any physical realization. If loss were

added , the thin dipole approximation would yield a positive definite

half—space admittance matrix which would, in turn, allow greater aperture

widths. Table 6 shows the N—7, d
1 

= 0.27X case considered in Table 4 but

with 1% loss added. This allows a more reasonable aperture width of 0.lX

Figure 15 illustrates the gain patterns in this lossy case (compare Fig. 11

with Fig. 15 to note the reduction in gain).

- • -- -- -~~-----~ - - -——~-——— - — — --- — •~~~~~~
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Table 1. Eigenvalues for Real (yHS) —— N=7, d~ = O.25A

APERTURE WIDTH

EIGENVALUE
No. W = 0..O1A W = O.02 A W = O.03A W = O.04X

1 0.86 x l0~~ 0.17 x 1O~~ 0.26 x lO~~ 0.34 x 10~~
2 0.80 x lO~~ 0.16 x l0~~ 0.24 x l0~~ 0.32 x l0~~
3 0.63 x 10~~ 0.13 x l0~~ 0.19 x l0~~ 0.25 x l0~~
4 0.49 x lO~~ 0.98 x l0~~ 0.15 x l0~~ 0.20 x lO~~

• 5 0.94 x 10~~ 0.19 x lO~~ 0.28 x ~~~~ 0.38 x

6 0.49 x io
.6 0.98 x lO

_6 
0.14 x lO~~ 0.19 x lO~~

7 0.63 x lO
_8 

0.22 x —0.31 x lO~~ —0.10 x 10 6

Table 2. Reactive load values (mnthos) for a seven element
aperture array for d = 0.27A and W = 0.OlX (see
Fig. 11) .

APERTURE 
~~=0 u ~~=30 ° ~~= 6O°

1 —0.007 mU —0 .008 m~3 —0.011 m~ —0.006 mU

2 —0.026 —0.029 —0.033 —0.033

3 —0.034 —0.037 —0.032 —0.032

5 —0.036 —0.032 —0.037 —0.032

6 — 0.026 —0.030 —0.026 —0.033

7 —0 .057 —0.027 —0.021 —0 .006

Table 3. ReactIve load values (mmhos) for a seven element
aperture array for d = 0.35A and W = 0.lOX (see
Fig . 12).

APERTURE 
•— o ° p =3 0 ° ~~=60° $ = 9 0 0

1 —0.121 m~j  —26.4 m~j —0.235 mU —0.083 mZ

2 —O .~ 42 —0 .108 —1.36 — 0.635

3 —0.442 —0.363 —0 .191 —0 .345

5 —0.507 —0.689 —0 .858 —0.345

6 —0.466 —0 .842 —0 .227 —0.635

7 —0.284 —11.3 —0.333 —0.083
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IS 15-

to .  to -

5.

I I I I I
IS tO 5 5 tO $5 IS 10 5 5 10 IS

GAIN GAIN
(a)  4 ’ a 0° (b) 4 ’ .30°

-~d~~- ~~
..1[

~~~~~;iri;~ri;i r7Arlz

Fig. 15. Radiation gain patterns for a seven element reactively
loaded aperture array when only the center element is

externally driven , d~ = 0.27 A, and a loss of 1% is added.
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Table 4. Short circuit distances for reactive load realization
for 41 = 0°, d~ = 0.27), W 0.01), and freq. = 2.9 GHz .

APERTURE B
L d  

d~ (41) 
~~r 

= 1.1) d1(41) 
~~r 

= 1.55)

1 — 0.007 m~ 81.4 nun 34.8 mm

2 —0.026 80.2 34.6

3 —0.034 79.7 34.5

5 —0.036 79.6 34.5

6 —0 .026 80.2 34.6

7 —0.057 78.3 34*3

Table 5. Short circuit distances for reactive load realization for

41 = 0°, d
1 

= 0.35) , W = 0.10), and f req. = 2.9 GHz .

APERTURE B d d1(41) (c = 1.1) di(41) (c = 1.55)
NO. Loa r r

1 —0.121 m~j 74.5 mm 33.5 nun

2 —0.342 61.7 31.1

3 —0.442 56.6 30.0

5 —0 .507 53.5 29.3

6 —0.466 55.4 29.7

7 —0.284 64.8 31.7

Table 6. Short circuit distances for reactive load realization for
41 = (J O , d

1 
= 0.27) , W = 0.10), loss added = 1%, and

freq. = 2.9 0Hz.

APERTURE B d 
d
1
(41) (c = 1.1) d

1(41) (c = 1.55)
NO. Loa r r

1 —0.075 mU 77.2 mm 34.0 mm

2 —0 .435 56.9 30.0

3 —2.622 16.1 14.3

5 —0.380 59.7 30.6

6 —0 .372 60.1 30.7

7 —0 .208 69.2 32.5

• - -- -~~~~~~~-~~~ -~~~~ - - --- - —~~~~~~ -— ~~——— •-~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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In this report , a fabrication technique is suggested for the

physical realization of the reactive loads. In some respects, this

reactive load realization migh t be considered more complex than a

variable ferri te phase shifter and on equal par with switched delay

line and p—i—n reactive diode phase shifters. However , reduction in

the number of direct—fed elements in the reactive load case certainly

is advantageous.

Work should be continued to minimize the 180° back lobe at the

lower beam steering angles for higher N and higher Q—mode aperture

arrays. Also, some attention should be given to a possible composite =

array using phase shifters and reactive loads. Phase shifters could

be used for the major beam steering and variable reactive loads used

to obtain other desirable properties such as minimizing unwanted

sidelobes.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



PART TWO

COMPUTER PROGRAMS

I. INTRODUCTION

A comp uter program used to generate the figures in this report

along with a numerical example is p resented in this part of the re-

port. This program consists of the subroutines: YHSP , SICI , PATHSP ,

MAXGCV , MAXGRV , LINER, BLOADC, BLOADR, FUNCTA, FUNCTB, LINEQ, EIGEN,

and the calling MAIN p rogram . Each subroutine computes one function

only and can be used or not used if that specific output is or is not

required .

II. ADMITTANCE MATRIX

The subroutine YHSP (N, X, W, L, YHS) computes and stores

columnwise in YHS, the elements of the admittance matrix.

= 
~~ (f-) [2 Ci(kd) ~ Ci (U 2

) — Ci(v
2
)]

— -i-— (f-) [2 ~j (kd) — Si(u 2
) — Si(v

2 ) J  (1)

where 
______

u2 
= k (~~J!+  L

2 + L)

v2
k(.~/i

2 + L 2 -L)

There are N apertures . X (I)  is equal to kX1 where k is the propagation

constant and X~ is the coordinate of the I— th aperture . w is the aperture

length . The IJ—th element of the port admittance matrix is computed

inside nested DO loops 10 and 11 and is stored in both YHS(I + (J—1) * N)

and Y11S(J + (1—1) * N).

_ _ _  _ _ _ _
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Minimum allocations are given by

COMPLEX YHS (N*N )

DIMENSION X(N)

The subroutine SICI(SI ,CI ,X) sto res the sine and cosine integrals

Ci(x) - J COS V dv (2)

Si(x)  = 
sin v dv (3)

in SI and CI respective . SICI is the subroutIne SICI in the IBM
* 71

Scientific Subroutine Package with SI rep laced by SI +

*IBM/360 Scientific Subroutine Package (360A— GM—03x) Version III ,

Programmer ’s Manual , page 370.

— ~ - - a — — -— -
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SUBI- JU~~1 ~:. Y H S P ( J  , X ,  v~, L , Y H S )
C M P L ~ = X  Y h S ( 1~1, ) ,U
D I M E N S R N  X ( 9)

~~j A L  1,1 1
P 1 :j 14159 3
tTA=376. 73..~
L = L/ 2 .
1 1 = I ~~ 2. ~ - P I
1=2.
U= ( &~ . , 1 • I
12 L 1~’L1
T L = T ~- L I
T L 2 = T L * T L
C~~= C T ~S ( L  1)
S N = S I N I I  1)
C l v ~/ ( P i  ~ETA* Lt 3~. ~‘5N )
C2 =SN’~CS
C3 .5 *C~ ~(TL )
J2= ..
DC 1-.) J= 1 ,N
J1=J
D 11 l= l, J
J3 J2+I
IF ( 1—i ) 12,13,12

13 L F U— 1 1  14,15 ,14
14 Y H S ( J 1 ) = Y t - I S ( 1 )

G~ TG 11
15 D= R.~~2.~ P 1) / 4 .

02 C*D
G~

- T f l  16
12 X i = X ( I ) — X ( J )

D2 XJ~’XJ
O= S C k T ( 0 2 )

16 S 1 = S Q k T ( 0 2 + L 2 )
S2 SQ RT (  ~ 2 + T L 2 )
V 1 =S  1+11
Ui =02/V 1
U~~=S 2 + T L
V 2 = C 2/  U2
CALL  ~ I C 1 ( S v ~~C U , L ~1
CALL SICI (SUI,C’Ji,Ui )
CALL SIC 1 ( S V I , CV I ,V 1 )
CA L L  SIC t ( 5 1 J 2 , C U Z , U 2 1
C A L L  SIC I (-5V2 ,CV2 ,V2 )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1T~~C C — C V 1  I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1T~’ S D— S V 1  I
YHS (J1) YHSI_U*YI-4S2
VHS (J3) YHS(J1 )
J L J I + N

Li CCiNT INUt
J2=J2 +N

1. C.~NTINU1P ETU R N
END

_  - - - -
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~~~~ 1.IT 
~. ~ I ~ I I S ! ,( . I , XI

1= A~ S I X )
I F  ( i— + .) 1,1,4

1 Y= (4.— li ~ (—s .+i $
3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - s i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CI  = 1 ( 5 . 7  7 2 1 5 6 L — 1 + t . L  ~‘ f l )  / l— l ~ ( U 1  .3d( ~5 - — 1L~~Y + I. D , ~~’t o )  ~~

-“

~~ T L R~
4 SI = S I~~

( ? )
Y = C C S ( l )
L = 4 . / Z

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
i *Z + 4 .~~d 7 l 1~~E — ~1~~L — 3 .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1+ 7 .502 03 ’. — 2 ) -~’ L —s . ’~~~U’i-1bt - — 21 *L_ 7 .  ‘~‘s 5 5 ~~E —3 ) L+~~~. b..i1~~~3~ — 2 ) L

~? — 3 .  7t ’-.~ ~ E—4 )
~~L— . 1~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —7 )‘L+~~. ~~~~~~~

C I = L * ( S I ~~V~ V 1 I U )
S I = ._ Z t ( ~~I* U+Y 1~V )  +j .~~7u796

• Rc~1URN
E~ !O

--
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[II. MEASUREMENT VECTOR , ~m

The subroutine PATHSP(N,X,L,W,PME,PMI-1) computes the E and H

plane wave measurement vectors , PME and PMB where

= ~~~ 
~~~

-_- cos(-~ cos 0) 
(5)

k L sin O

The output is stored in PME(N,J) and PMH(N,J) for ~ = (J — l)*

J = 1,2 , - . .  , 37.

The input variables are the same as YHS .

Minimum allocations are given by

COMPLEX PME(N,37), PMI-I(N,37)

DIMENSION X(N)

L _ _  _  

-

~~~~~~~~~~~~~~~~• ~~~-• - - --- •-— --~~~~~~~~~—-•~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~- - -
~~~~~~ 
-
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C~~ ’~-’ t t- X • ‘~~1 (  ~,37),P~~ (‘~ ,~~7),S,SI,U
D I ~~F r ~~ I u ’~ x l i )
R I — A L  1,L1
P 1 = ~ • 

1 
~~~

U = ( 0  . , I • I
• LI =L~~2.~ PI

~ I 
= ~~* P1

0 1- t = i~ I / ~
C 1 = — ~..*S’~~T (? .~~ i /LI
C 2 = — I  .~~C 1
00 10 1 1 , \
LiLt LI .J= I- ,  )7
P t - 4 = ( J — 1  )~~Ih- L
L S =C C S (PH )
S 1 S I 1 \ ( P 1 i )
S=COS ( X I I )  ~L I + J”~ I r .( xl i ) -Cs )

• I f - t i  •LJ .  191 ~ - 3 —  ( 1 , J )  =(~ j*S
IF ( 1 . I-u . I . -~ ) ;i t o

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
12 CU 1~ T INL J E

If- ( I  .L;T.I ) PIH I I , J 1 -~~M~i( L ,J )
if ( L .G r .1 ) ~ I i Li
I F ( J . L — -’). I) P 4 H (  I ,J) =C 2
I f -  ( J . i~ j . 3 7 )  t~ .’~i I(  L , J ) = C [
IF ((J.ELJ .I). )- ~..(.).t--u.37)) 1,t~ 1~~ it
S I= C C S ( P i * C S / 2 .  i /~~~
PMH I I ,J )  =C !’ - -S 1

11 Ci- :~ t I N U ~
10 CC N EI I \ UL

PE 1Uf~’
ENI~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ________ ____
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IV. MAXIMUM GAIN, COMPLEX AND REAL EQUIVALENT VOLTAGE SOURCES, ALL
APERTURE FED

(The derivation of the formulas found in this section can be

found in reference [11].)

The subroutine MAXGCV(N,PMER,YHS,VCMR) computes the maximum

gain, GC, using complex equivalent voltage sources for excitation.

These sources are outputted , VCMR, so that BLOADC can compute the

reactive loads needed to resonate these sources for a starting point

for the optimization program.

CC = ~m [G1
~~]~~ 

~m* (6)

VCMR = [G~~]~~
’ ~ 1fl ~

2
In the program , the constan t —i—-- has been changed to —i--- because8ir~ 8ir~
the measurement vectors , 1m , h ave been mu l t iplied by k to make

them insensitive to absolute length.

The subroutine MAXGRV (N ,PMER ,YHS ,VRMR ) computes the maximum

real gain, GR, restricting the array excitation to real or equiphasal

equivalen t voltage sources. These sources are outputted , VRNR , so

that BLOADR can compute the reactive loads which resonate these sources.

CR = i— Rea1(~
m) (G~~ ]~~ ~Rea1(~ ”) + c Imag (~~) } (8)

VRNR = [Gh5]~~ [Real(~~
’) + c Imag (P5 ] (9)

where

2 1/2c = — a ± (a + 1 )

a Real (~
m) 

IGh5 ] l Real(P)~ — Imag (pm) [Gh5 ]~~ Imag (p 1)

2 Real (~
m) [Gh8] l imag (P1) 

—- --~~~~~~~~~ 

—------—-—- ~~-----— ~~a~~~~~~~ 
rn

-
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Note: There are two possible real solutions for c which make CR stationary.

The maximum gain is obtained by using the larger of the two values .

Minimum allocations are given by

COMPLEX PMER(N) , YIIS(N *N)

DIMENSION G (N*N) , Vl (N) ,V2 (N) ,Al(N) ,A2 (N) ,VRMR(N)

- 

The subroutine LINER(LL ,C) is an inversion subroutine for real matrices.

- Minimum allocations are given by

DIMENSION LR( ‘
~ 

) ,C(N*N)

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~
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SUBPOUTI NE MA XGC V (N,PMER, YHS ,VCMf )
CO MP LEX CCNJG,GCI (9) ,PM~~P 91,VCMP(9 ),YHS (~~9)
DIM FN SIC N G (99)
P 1 =3 . 1 4 1 5 93
tTA=376. 730
NN =1 *N
C 1=1. / (d  .*p1*E TA )
00 1 J=1,NN
G ( J ) = R Et . L (Y HS ( J )  I

1. CONT INUE
CA LL L INEP ( N ,G )
00 3 K 1 , N
GC l ( K) = (  O. ,0.)
V C M P ( K ) = ( - . , 0 . )

3 C O N T I NUE
JI=1
00 4 K=1,N
DO 5 J=1,N
GC Ilk ) =L~C 1( K) + PME (J )~~G( Ji )
J1=J1+1

5 C O NT I N U E
4 C O N T I N U E

GC C .
DO ~ K =1,N - -

GC G C + R E A L ( G C 1( K ) * CJ N J G ( PM E~~( K H)
6 CO NTINUE

~C=GC *C 1
J1=1
DO 7 K 1 , N
DO 8 J=1,N
VCMR (K )=VCMR(K )+G(J1I~~C:jN4JG (PME~~(J))
J I J I+N

8 CONTINUE
JI K+L

7 CO NT INUE
W R IT E I3 , 1 U)  GC
W R I T b ( 3 ,j 1 )  (V C M~~

( J) ,J=L,N)
10 F O R MA T ( / 3 X , ’ C OM PLEX GA IN = ‘,1F5.2)
11 F O R MA T (/ IX , ’ C O M P L E X  EQ U I V A L E NT  V~~LTA Gt -  ~ t if - MAXIMUM CO M PLEX A I N’

1 / I  ( 3X ,  SE 14. 7) 1
R E TUPN
END

SUBPOUTINE MAXGPV (N,PMEi.,YHS,VkMF )
COMP LEX PM EF~( 9 ) , Y HS ( 9 9 )
D IMENSIuN 9 9 ) , V 1 ( Y I , V 2 ( 9 ) , A 1 ( 9 ) , A 2 ( 9 ) , V ~ Mf~(9 )
P 1=3. 14 1593
E TA = 376 .  73u
NN=N*N
C1= 1./ la • * P I* E T A )
00 1 J=1,NN

J) = PEAL (V H S (J )
I CJNT IP1UE

C A LL LII~ E R( N ,G )
DC 2 I=1,N
V 1( I ) = R E 4 I ( P M ER( I ) )
V 2 ( 1 ) A I M A G ( P M E R ( I ) )

2 CONTINUE
DG 3 K 1 , N

~ 

——
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V r M ~~( K )  J .

A l  ( I’1 0.

J3= (K—1 ) ~~~ .

Du 4 I 1 , N
J 1= J 3 + T
A L  (K ) =A L I K) + u (  J i ) - ~V l (  I)

(K) =A~~( Ic.) +U (  J 1 I ~V 2 ( I )
4 CC~ T I NU~
3 C ON T I~~UL

C 1 —_J~~. — - •

S2=C .
S3 0.
Lit) 5 K 1 , P s
S1=S1+V 1 (K)’A1(~~)

S3=S3 +V 1 (K )~~A2 t K )
5 C~~NTINUE

s4=SI—S2
— ! F(S 3 .~~

(..O. I S 3 = S 4 ~~l . F— l 4
A = S 4/ ( 2 . * 5 3 )
SL=SQRT (A*A +l. )
C=—A + S IL,JISA ,53) —

Gt~ =C 1~ - ( S  l+C*S3)
W - ~ IT E( 3 , 20)  G~2-) F - R ~~4T t / 3 X , ’ MA X l~~UM R EAL ( A I N  =‘ , I FS . Z )
00 ‘ I=l,~V F M P ( I ) = A l ( I ) + C * A 2 ( I )

9 CUNTINUL
WR I J F ( 3 , 2 L )  tv r~~~~(I),l=1,N)

4 ~I F O R MA T ( / . iX , ’ R EA L  ~Q UIV A LE NT V - : LT 4 , t  F - k  M~~X IMUM K~ AL 1~~’/ / L’A,5~
114 .7))

,4E TU’~N
E N D

S U P F CU TIN ~ L1NE~~(LL, C)
i) IM€ NS IL- N L P ( 3  ) , C ( Y 9 )
DL) 2) I= 1,LL
L~~(I) I

2,. C~~NT1 NUi

00 Id M= I,LL

DO 2 I= ’~1 ,LL
Ki=I’1+I
K2=~’1+K
I F ( A B S ( C  ( K i)  ) — A b S ( C ( K ~~

) ) )  2 ,2 ,6
6 k =I
2 C r NT IN UE

LS LR (M)

L R ( K ) LS
K2=U1+t (
5T CC =C (~ 2 )
Ji 2C
DU 7 J 1,IL
K13J1+K 

—~~~~~ --rn-- ~~~~~~~~ -~~~~~~~~ -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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K2 J1+M
sro =c (Ki
CI K1)=C (K2)
CI K2 ) =STJ/STO R
Jl=JI+LL

1 CONTINUE
Kl= M1-s M
C (K1)=1./STCR
DC 11 I= 1, L1
IF (I—M ) 12,11,12

12 K1 M 1+I
ST=C (K1)
C (K1)=O .
J 1 = C
DC 1) J=l,LL
KI=J 1-+ I
K2=Jl+M
C (K1)=C (K1)—C (K~~I~~S1
J1 JI +LL

1~i CONTINUE11 CONT INUE
Ml M1+LL

18 CONTINUE
J1=C
Di) 5 J=1,LL
IF (J—LR (J)) 14,8,14

14 LRJ=L R (JI
J2 (L RJ— I )*LL

21 DC 13 I=I.,LL
K2 J2+I

S= C I .-s

C (K2)=C ( KI)
C (Kl )=S

13 CO NTINUE
LP (J I =LF (L~ J)
Ir  ILRJ ) LRJ
IF (J— LRIJ )) 14,5,14

8 JI J 1+ LL
9 C O N T I N U E

RETURN
F ND

4 - - - -  ~~
- - -

~~~~~~~
_ -

~~~~ 
—- — --—-—--~~~~~~~~~~~~~~~ - - — - -— -~~~~~~~~~~~~~~
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V. RESONANT LOADS

The subroutine SLOADC (N ,NFP ,BLOAD ,VcMR ,YHS) stores in BLOAD ,
the reactive loads

N
Imag [— ~ I — Real(Y1’ *tmag(V )

BLOAD(I) = 
— 

‘ (10)
Real (V

1
)

for 1 l ,...,N

which resonate the complex equivalent voltages VCMR. NFP Is the aperture

feed port number.

Minimum allocations are given by

COMPLEX VCMR(N), YHS(N*N)

D IMENSION BLOAD(N)

The subroutine BLOADR(N,NFr,BLOAD,VRMR,YHS) stores in BLOAD,
the reactive loads

BLOAD(I) = 
v~~ 

([Bh5] * ~) (11)

(where ([BI
~
S] * V)

1 denotes the I—th

component of the column matrix [Bhs] * ~)

which resonates the real equivalent voltages, VRMR.

(Derivation of this formula can be found in reference [11).)

(Note that it can be easily shown that the gain does not depend on

BLOAD(I) where I = ~~~~~~~~ (driven aperture).)

Minimum allocations are given by

COMPLEX YHS(N*N)

DIMENSION BLOAD(N) ,VRMR (N)

L _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _  
- -

----—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SUBROU T I NE BLOADC (N,NFP ,BLOAD,VCMR , VHS)
CO M PLEX U 1 , V C M R ( 9 ) ,Y H S ( ’~9)
DIMENSIO N B L O A O ( 9 )
J 1 1
DO 1 1 1,N
J2= 1
U1=(0 . ,L .)
00 2 K 1 , N
IF( K . E Q . I)  GO TO 3
U I = U i_ V H S (J 2 ) *V C M R( K)

3 CONTINU E
J2=J2+N

2 C O N T INUE
BL0AD (I)= (AIMAG (ul )_ RE AL (vHs (J1 ))*AIMAG(v :Mp (I))),REAL (vcMR(IH_rI

I MA G (V M S ( J 1) )
J 1= J 2 + N+ I

1 CONTINUE
BLIJAD(NFP )=O.
WR ITE (3,4) (BI OAD(I) ,I=l,N)

4 FORMAT (/3X, ’BLC AD—PESONATING COMPLEX SOUP ES’/(3X,SE14.7))
RETURN
END

SUBROUTINE BLOAU k (N ,NFP,BLOAD,VFMR ,YHS )
COMPLEX YHS ( 99 )
DI MENSION BLOAD (9),VRMR (9)
DC) 1 I= l , N
J 1 1
U1=c.
DC 2 K 1,N
UL=LI + (AIMAG (VHS (Jl))P~VRMR (K )
J1 JL+N

2 CONTINUE
I3LOAD (I)=— U1/VRMP (I)

1 CONTINUE
BLOAO (NFP 1=0.
WR ITE (3,3) (BLOAD II ) ,1 1,N)

3 FORMAT (/3X, ’BLOAD—R ESCNATING RE AL S~JUPCES’/ (3X,5EI4.7))RETURN
END

---- - ~~_ -- - -— —~~ --—-~~~~~~~~~~~~ -~~~~~~~~~~~ _ -~~~~~~~ —- ~~~~~~~~~ —-—-~~~~~- ~~- -~~~~~ - - - ~~ ~~~~~-- - —~~~~~~~~~~~~~ -
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VI. GAIN PATTERN S

The subroutine FUNCTA(N,GAIN ,PMER,V,YHS) computes the gain (all

apertures excited) using the following equation

GAIN = 
k2 

I~~
1
~~

2 (12)
8,rri Real(~ (Yh5] *

for a given measurement vector PMER and excitation vector,

Minimum allocations are given by

COMPLEX PMER(N) ,V(N) ,Vl(N) ,YHS(N*N) - —

The subroutine FUNCTB(N ,NFP,BLOAD ,GAIN ,PMER,Y1IS) computes the gain

using formula (12) wIth the following modification. The excitation is

that of a unit current source for a single aperture (NFP) and the other

apertures reactively loaded (BLOAD). Therefore,

v = 1~hs + jBLOADI ~ * t(~~ P) (13)

where

I(NFP) =

1

0

Minimum allocationa are given by

COMPLEX PMER (N) ,V(N) ,Vl( N) ,Y(N *N) ,YHS (N*N)

DIMENSION BLOAD(N) ,G(N*N)

The subroutine LINEQ(LL,C) is used in FUNCTh to invert a complex

matrix.

Minimum allocations are given by

COMPLEX C(N*N)

DIMEN SION L R ( N )

I.
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SUBROUTINE FUNCT~~(N ,GA IN, PME R ,V, YHS )
COMPLEX CCNJG, PMEP (-~ ),V(9),VI(5),V~~,YHS (5’fl
€ T A = 3 7 o .  730
P1=3 .141553
CI=l./(8.*PI*ETA )
V 2 = (~~.,0 • I
D I. J = l , N
V 1 ( J ) = ( L .,0.) —

J 3 = ( J _ l ) * N
DO 2
J 4 = J 3.I
V 1(J I = V l ( J) +CUNJG (Y~45 ( J4 I *CGNJG ( VU ) I

2 CONTINUE
V 2 = ’~2 + V 1 t J ) * V ( J )

1 C ONTINUE
DEN=REA L~~V2)
V2= (O.,C.)
DO ~
V = V 2 + V (  J ) * P M E P ( J )

3 C ON T INUE
GA1N = (Cl -~ V2~~CCNJG (V2 )) /DtN
R E T U R N
END

S U B R O U T I N E  F U N C T b ( N  NFP BLUAO, G~~It. ~Mt ~~,Y-1 S )
COMPLEX CCNJG ,PMER(~~),UI,V (9),Vl(y~~,V2,Y (~~~),YhS (59)O IMENSION BLOA D (9),0(95)
E T A = 3 7 6 . 7 3 )
P1= 3.1415.3
CI=l./(C .*PI*ETA )
U1= (O .,l. )
NN=N*N
N 1=N+1
03 1 J=1,NN
Y (J)=V I-IS (J)
t,( J) PEI.L (YHS ( J) )

I CON TINU E
J3 =—N
03 2 J 1 , N  — 1
J 3=J3+N1
y (J3)=Y (J3)+UL*~ LQ Aj (J)

2 CO NTINU E
CALL L INEG( N, Y i
13= ( N F P —  I )‘N
DO 3 J=1 ,N
1 4= 1  3+J
VI  J) = Y ( 14 )

3 CO NTINUE
V 2 = U~., .)
03 4 J = l , N
Vi  ( J ) = ( .  • ,~i . )

J3 = ( J — 1 I  *N
Di) 5 I= 1,N
J 4 = J 3 + f
VI ( J) -=Vl ( J) +G ( J4 ) *V ( I)

5 C-JNTIN U~
v2=v2 .V1 (J)*CL:NJr;(v (J))



- — 
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I
4 CONTI NUE

OEN=REAL (V2 ) 48
V2= (0.,). I
0-0 7 J=1,N
V2=V2 +V (JJ*PME I~(J)

7 CON TINUE
GAIN= (C1~~REAL (V2~ C Y4JG(V2 ) ))/DEN
RETU RN
END

,ST ,S
i )IMENSECN LR (58)
DO 20 I 1,LL
LR ( I )=I

20 CO NT INUE
Ml =C
DO 18 M = 1 , L L

K2 M1+K
S 1 = L a S ( k  EAL (C I K2 H ) + A BS (  A IMAG V (K2))
DO 2 1=M ,LL
K1=M1 + I
S2=ABS (~~EAL (C (K1H)+AE3S (~~IMAG (C (K1 )J
IF( 52 — S 1 ) 2 ,2 ,6

6 (=1
S1=~~2

2 CONTINUE
LS=LR (M)
LP (t ~ )=L F ’  ( K )
L°(K)=LS
K2 M1+K
STC R C (K2)
J 1=C
Di) 7 J 1 , L L
K J =Ji+K
K2 - J i+M
STG=C (Kl )
C(K1)=C (K2)
C( K2)=ST0/STOP
JL J1+LL

1 CCNTINUE
1(1 ~~1+M
C( K1)= 1.  /S T O P
00 11 1 1,LL
I F ( I — M )  12,11,12

12 K1 = M1 + t
)T = C ( K  1)
C ( K 1 )  ‘).

J 1=Ci
Di) 10 J=1,LL
K 1 = J 1+ I
K2 =J 1+M
C ( K I) =C( K 1) —C ( K2  ) * ST
Ji J1+LL

1~ CONTINUE
11 CONTI NUE

M I=M 1+LL
18 CON T INUE

J 1=C
DO 9 J4,LL

j 
_________________

—----- — ——-_- - -—- - - - -_ - - - - - -------—---------- ---- -—--_- - - - - - -  ~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _
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I
~~

(J—L R (J)) I4,b,14
14 LkJ L~~(J)

J2 =  ( L-’J— 1 I~~LL
21 DC 1~ I= 1,LL

K2=J2+ I
KA J 1+I
S=C (K 2)
CI K2)=C ( ~(1)
C ( K  1) =S

13 C T h T I N U~
L~~(J) Lr ( L P J )
L. IL’ - J ) ~~LPJ
I~ ( J — L P (  J H L 4 ,~3, 14

d JI JI+LL
9 CuNT INI J E

RFTLRN
END

L - _ _  -- -
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VII. EIGENVALUE DETERMINATION

The sub routine EICEN(A ,R ,N ,MV) is used to determine whether
G Real(YhS ) is a positive de finite matrlx This subroutine is
taken f rom IBM Scientific Subroutine Package . It can only be used

fo r real symmetric matrices.

MV should be set equal to 1 (done in the main program) for

eigenvalues only . The original matrix A must be stored in upper
t riangular form and the eigenvalues are outputted on the diagonal of

A (therefore , the input mat rix , A , is wiped—out du ring execution of

the subroutine) .

Minimum allocations (for eigenvalue determination only) are

given by

DIMENSION A(N*N/2) ,R(1)

*IBM/ 360 Scientific Subroutine Package (36OA—CM—O3X ) , Version I II ,

Programmer ’s Manual , pages 164—165 .
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SUBRCUTTNE EIC ,EN (A,R ,N,MV )
D IMENSION A ( 14 4 ) , R( 144 )
IF (P’ v— I) 1O,25,1~

)
10 1~~=—N

DO 2C J=1,N
IQ= IQ+N
Di) 20 I=1.,N
IJ= I~~+I
RI IJ )=O . O
IF (1—J) 2 J , 1 5 , 2 (

15 R (IJ )= 1 .O
20 CONTINUE
25 AN ORM =J. 0

00 ~5 [ 1,N
00 35 J= I ,N
I F ( I — J )  30 ,35,3u

3tj I A - 1 + (J*J.J)/2
ANC R M =A NO RM+A ( IA ) * A (  IA)

35 CONTINUE
IF (ANORM ) 165,165,4u

40 ANOR M= 1 .414*SORT(ANOPM )
ANR MX =AN ORM~~1 • O — 6/ F L~~4I ( N )
I ND=O
THR =ANO F M

45 TI4P=THR/FLOAT (N)
50 L=1
55 M= L-+ j
60 MQ=(M*M—M)/2

LQ (L* L— L 1/2
LM L+M Q

62 IF (ABS (4(LM ))—THR ) t~~~~,b5, b5
65 IND=1

LL L-I-LQ
MM=M +MQ
X=0.5* (A (LL )—A (M~~) )

68 Y=—A( LM )/S~ PT (A(L M)~~A (L’~)+X*X)
I F ( X )  7~~, 7 5 , 7 5

70 Y=— Y
75 SI NX Y / SQ~ T (2 . u~~(l.~~+ ( S Q f ~T ( l.U ’V ’ Y ) ) ) )

SINX2 =sI N X *SINX
78 C O S ) ( = S Q R T U . O — S I N X 2 )

CUSX2=CC S X~ CU S X
SINCS=S I NX*C IJSX
ILC=N* (L—1 )

00 145 I= I,N
I J ( I * I — I  1/2
I F (I—L ) 8J,L15,~~

80 I F ( I_ M )  ~3~~,115, 9()
85 IM = I+MQ

GLJ TO 95
90 IM= ?’+ IQ
5 5 I F ( I — L )  LCO ,1U5 , 105

100 IL I+LQ
GO IC 11’)

105 IL L#IQ
1 13 X=A (I1 )”CC SX—A (I ‘~)‘~Si r~x

~~~~~~~~~~~~ -~~~ _--- - _ - _ ~~~~~~
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A (I~~)= 4 (IL)*S I NX s-AUM )*C0SX
A ( I L ) =X

115 I F ( M V — 1 )  12C ,125, 12i
120 ILR= ILQ + I

I MR= IMQ+ I
X=R ( ILR ) “COSX—R ( IMR )*SINX
R (IMR)= k (ILR )*SINX+k( IMR) *CuSX
RI IL R)=X

125 CONT INUE
X =2 .0*A (  LM)* S INC S
Y = A ( L L )~~C C S X 2 - I A ( M M ) * S I  N X 2 — X
X=A (LL)* SINX2+A (MM )’COSX2+X
A(LM )= (~~(LL )_A (MM))*SINCS+A(LM )~~(C~~~X2— SI~1 X2)
A ( L L ) =Y
A l MM) =X

130 I F ( M — N )  135,140,135
135 M= M+ 1

GO IC) 60
140 IF (L— (N—i )) 145,150,145
145 L=L+ 1

GO TO 55
150 IF (IND— 1 ) 160,155 ,l oO
155 INC O

GO TO 50
160 IF (THK—ANRMX) 165,165,45
165 IQ=— N

00 185 I=1,N
I hJ= I Q+N
LL= I + (IX 1 — 1 ) 1 2
JQ=N ’ (I—2 )
00 185 J=I,N
JQ=J Q+N
M M = J- f ( J *J — J 1/ 2
IF- (4(LL )—A (MM ) ) 110,185,185

17~., X=* (L1)
A (LL ) =A ( MM)
A I MM ) =X
IF (MV— I) 175,185,175

175 00 i8~) K= 1,NILR IG+I<
IMR=JQ+ K
X=R (  lIP)
RI ILR )=k C IMR I

180 R (IM R )=X
185 C ON T I N tk

RE TURN
END 

~~~~~~~~—~~—.- - -~~~~—- -- -- .—_ — - -- - -  - - 
~~~—- —~~~~~~~~~ .:



~~~~~~~~~~~~ - r~~~~~~~~~~- -—--- - - - — ..- —

53

VIII. MAIN PROGRAM AND SAMPLE INPUT-OUTPUT DATA

The preceding six sections have described all of the necessary

subroutines (except the optimization program) to generate the graphs

contained in this report and other output data not included. The

missing optimization subroutine is included in reference [1). This

subroutine is a univariate optimization program which was found to

be very efficient (minimum CPU time) for optimizing the ratio of

quadratic functions normally encountered in reactively loaded arrays

(see reference [121). The CALL statement for this optimization sub-

routine in the MAIN program ( fo llowing 8 CONTINUE) reads

CALL MAXU(N,NFP,N9,STEP ,BLOAD,PMER ,Y1IS).

All of the calling arguments have been defined previously except N9 and

STEP. N9 equals the number of complete searches (one search per revised

load value) and STEP is related to the size of the incremental change in

the load during the searching part of the program . Different STEP values

should be tried . Too small a step will require more searches for a given

relative maximum while too large a step might cause a maximum to be skip-

ped past. One can use other optimization subroutines . The output should
yield the optimum loads f or maximizing the gain corresponding to a given

-‘inmeasurement vector P (direction) .

The purpose of the MAIN program is to obtain input data and call

subroutines to generate output data. Input data is read into the MAIN

program according to

READ (1,201) N ,W ,L ,NPP ,NA ,N9 ,STEP

201 FORMAT (12 , 2F5.2 , 212 , 113, 1E9.2)

READ (1,214) (ANGL E(I) ,I=l ,NA)

214 FORMAT (1013)

READ (1,216) ER

216 FORMAT (lF7.2) -

READ (1,216) L3

___________  
-~~~~~

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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There are N apertures w-wide and L—long (L is assumed to be one—

half wavelength). The x—coordinate of the T—th aperture is X(I). The

feed aperture number is NFP. All of these arguments have been described

previously with the exception of NA,ANGLE,ER, and L3. NA is the number

of angles for which the gain will be optimized. This integer should

correspond to the number of angles read in to form the array ANGLE(I).

ER is the relative dielectric constant of the dielectric filler for

the waveguide. This number can and probably would be different than
the microstrip substrate dielectric proposed for the reactive loads.

L3 is the length of the waveguide used in the calculation of the short

positions from the optimum reactive load values.

Minimum allocations are given by

COMPLEX PMH(N,37),PME (N ,37),PMER(N),yHs(N*N),v(N),vcI.m (N)

DIMENSION A(N*N/2),ANGLE(37),BL 1(N) ,BLOAD(N),Gl( 37) , G2(37),

G3(37) ,G4(37) ,NP(N) ,R(l) ,SHORT(N) ,VRMR(N) ,X(N)

DO loop 1 puts kx in x. DO loop 2 calculates the eigenvalues

of Real (y
h15
) and will stop the program if any of these values are

negative. DO loop 13 calculates the short positions (formula 19 in

Part I) for the optimum reactive loads .

The sample input is for an eight element aperture array with

feed element aperture number 4 and aperture spacing 0.29A. The gain is

optimized in the ~ = 500 direction . Loads which resonate real equivalent

sources were used for initial starting points for the optimization pro-

gram. (Note loads which resonate complex equivalent sources could have

been used by changing the CALL BLOADR( ) statement to CALL BLOADC ( ) . )

The MAXU optimization subroutine went through six complete searches for
each aperture load value. Output gain values are given in 5° steps start-

ing at 00 fo r the following four conditions .

1) Maximum Gain — Complex equivalent voltage sources
— 2) Maximum Gain —— Real equivalent voltage sources

3) Maximum Gain —— Using reactive loads which resonate real

equiva len t voltage sources

4) Maximum Gain —— Using the optimum reactive loads.
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C MAI N PROGRA M

COM PLEX PMH (9,37),PME (9,31), PMFR (9),VHS(Y’))
C C M P L E X  V ( 9 ) , V C M R ( 9 )
DI MENS ION AC I -.4) ,ANGLE( 37),~~L1 (9) ,~~L f l A [ ) ( 9 )  ,G1( 7) ,G2( 37) ,G3 ( i i )
DIMENSION G4(37),NP(9),P(144),SHCP~T(9),V (9),x(s~REA L 1,12,13
INT EGER ANGLE

20u FURMAT (/3X ,’N’ ,bX, ’w ’ ,7X ,’L’ ,4X,’i~FP’ ,4X,’~ JA ’ ,oX ,’N1’ ,1X, ’ST cP’)
23 1 F O R M A T ( 12  ,2F5.2 ,2 12, 113,1E9.2)
202 F0 R MA T ( / 2 X , I2 ,3 X , 1 F5 . 2 , 3X , 1F 5 .2 ,3 X , I 2 , 5X , I 2 ,5 X , I 3 ,4 X , 1 E~~.2 )
233 FORMAT (9F5.2)
204 F O R M A T ( / 3 X ,’X ’  , / /( 3 X , 9 F5 . 2) J
205 F U R MA T ( / 2 ) ~,’ Y — — H A L F  S P A C E ’ / ( 3 X , 5 E 1 ’ i - .7 ) )
207 FORMAT (/3X, ’A PEPTUPE — — ‘ ,12,6X,’PM ‘,2E1 4.71
2C 8 FORMAT (//2X,’ P — — ME ASUREMEN T VECTOR — — ~—PL ANE ’/)
210 F O R M A T ( / 3 X , ’ M A X I M U M  G A I N — — C O M P L E X  EQUI V A L E N T  V 0 L T A G E — — c U U IV 4 L~-~~T C

IOMPLEX V OLTAG E FOR MAX IM UM GAIN — — ‘ ,3 X , I 3 , ’ UE~. ,R ELS ’/ )
211 FORMAT (I 1X, ’ MA X !  MUM GA! N — SEAL EOUI VALE NT VOL TAI L ~~~~c ~U I VA). cN

1REAL VOLTAGE FOR MAXIMUM GAIN — — ‘,~~X ,J 3,’ DcGkLLS’/)
213 FORMAT (/IX, ’ L U A DS— — R I J A D S  — ‘13, ’ [JEG~ FE~~’/)
214 F J R M AT ( 1 0 I3 )
215 F’ J R MA T (/ 3 X , ’ P A T T E R N  A N G L E S ’ / / (  3X ,iL~~,’ LE~~~~L E S ’ / ) )
216 Fu R MA T ( 1F 7 . 2)
217 FORMAT (/3X ,’PELA TIV PE~ M I T T I V 1 TY OF U I E L E C T ~~1C USt~i I~ ~ A V ~~GUIi) r

1ELE MENTS =‘,1F5.2)
218 FORMAT (/3X, ’DISTAN CE S OF SHORTS ~~~P .~~V r G J ! L E  LU4L’ S — 1 ,13, 1 

~~~~~~~~~~

IES • /1)
219 F . J R M A T ( / / 1 X , ’ E — P L A N E ’ / I )
220 FORMAT(/3X ,’GA IN PATTERNS — — ‘,3X,13, ’ DE t c ~~’/ )
221 FOR MAT (/3X ,’MAX !r-I UM GA IN — COM PLEX ~~~U IV A L r N T  V u L T A O E ’ f / ( 3 X , 7 f 7 . ~- )

1)
222 FORMAT (/ 3X, ’MAX IMUM GAI N — -EA I [OUIVA LEN T VS ,LTAL,E’// (3X,7F7.2))
223 FORMAT(/3X ,’G AIN — ErA DED APERTU RE S — M(DA L RtS~~N#NCc LL-AD~~’//(3X ,

17F7 .2 )  I
224 FORMAT (/3X,’GAIN — LOADE D AP E RTU RES — IJPTIMUV L~..A O S ’ / / ( 3 X , 1 F 7 . 2 ) )
2 25 F O R M A T ( / 3 X ,’SHO P. T ( ’ ,Il ,’)  = ‘,1F6.3,’ MM ’)
220 FORPdA T (/3X,’EIGENVA LUE ‘ ,I2, ’ = ‘,1E14.7)
227 FOR MAT (/3X, ’LENoTH CF APE RTURE ‘, 1F6.2, ‘ MM’)

WR ITE (3,200)
RE4C (1,201) N,W,L ,NFP,N4,N9,STEP
WRITE(3,202) N,p~,L,NFP,N A ,N9,STEP
READ ( 1,2 14) (ANGLE( I), 1=1 ,NA I
WRITE (3,215) (ANGL E( I ),I=1,NA )
REAC (1,216) ER
W R IT E ( 3 , 2 1 7)  ER
READ (1,21 6) 13
W R I T E ( 3 , 2 2 7 )  13
MV= 1
P1=3 .141593
P12 = 2 . *P!
E T A =3 7 6 .  73)
NN=N*N
Ni N— I
REAO (1,23 3) ( X ( I ) , i = j , N )
W RIT E (3,2u4 ) (XII ) , 1 1,N)
DJ 1 !=1,N
X C  I i = X ( 1  )*P12

_
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1 CONTINUE
12=1
CA LL Y HSP( N ,X ,W,1 2 ,YHS )

T d R I T E ( 3 , 2 0 5 )  (Y H S ( J )  ,J 1,NN)
C P 0 S !T !V ~E ic FIN I T t  T E S T  ~~~ C C NOUC T AN C E M~ T~~!X

J 4 = C
DO 2 J=1,N
J G = ( J — L ) * N

— . DO 3 I=1,J
JA=J A +I.
JG=JG +l
A (  JA )  =RL AL (VH S - C J O ) )

3 CONTINUE
2 CONTINUF

CALL E IUEN(A , F ,N ,MV )
J2=1
00 4 I=1,N
WRITE (3,226) I ,A(J2 )
IF (A (J2 ).LT.O.) GO T O 5
J2 J2+I + 1

4 CONTINUE
C-ALL P THSP (N,X,L ,W,PME,Pi~1H)

00 6 11 1,NA
I = ( ( A ? S L E( I 1 ) * 36 ) / 1 8 C + 1)
JI ANGL E (II. )
W R ITE (  3, 2~~8)
DO 7 J 1,N
P M E R ( J ) = P M E ( J ,  I)
WR ITE (3, 2C7) J,PME F- (J )

7 C ) NT INL J L
WR !TE (3, 219)
4~R1TF -(3,21O) Ji
CALL MAXGCV (N, PMER ,VHS ,VCMR)
WR ITE (3,211) JI
CALL M A X G R V ( N , P M E R ,V H S , V R M R )
WRITE (3,213) JI
CALL BLI AUR (N,NFP,BLGAD ,VRMR ,YHS)
00 8 J=1,N
BLL (J ) FL OAD (J)

8 CC I~i TINUE
CALL MAXLj (N ,NFP ,N5,STEP, BLOAU, PMER,VHS)
D’) 9 K=1 ,N
V(K ) (1., -~.)*VPMR(K)

9 CONTINUE
WR L IE (3,220) Ji
DO 10 M=1,37
DO 11 J~~j,N
PMEf~(J )= P ME C J ,

LI CCNT [NUF
C A L L  FU~, C T A ( N , G A I N , P M E R ,V C M P , V H S )
01 ( M)  =Gt. IN
CALL FUNCTA(N,G AI N, PMER,V,YHS)
021M ) - GA I N
CALL FU(’~-CTE ~(N,NFP ,BL1,GAIN ,P MER ,VI1S )
03 C M ) G6 IN
CALL FU~CI~ (t 4, t~,FP ,BL uAO ,GAIN , PMEr’,YhS)

L ____________________________ ______________________

10 C~~NTINUC
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WR!TE (3,221) CG1(M ),M= 1,37)
WR I TE (3,222) CG2 (MI , M=1,37)
W R I T E (  3,223) (G3 (M) ,M=1,37)
WRITEI3,224) 104 (M)- ,M=I,31)
12=1
DC) 12 I=1,N1
IF (I.EQ .NFP) 12= 1 2+1
NP ( I )=12
12 12+ 1

12 CONTINUE
WRI TEC3,218) Ji
00 13 J=1,N1
J2 NP(J )
S HCRT (J2 ) = A T A t f l S Q R T ( E R — I . ) / ( — B L O A D ( J 2 ) -~

c E T 4 j  ) / C I P I~~sl~
.
~T ( E~~— 1. 11/ ~

)
W R IT E ( 3 , 22 5 )  J2 ,SHCkT (J2 )

13 CONTINUE
6 CONTINUE
5 CONTINUE

STOP
END

$ GA TA

N W I N F P  NA N9 ST E P

8 0.01 3.5C 4 1 4~ O.IOE—U6

PATTERN AN GLcS

50 DEG R EES

REL A T I V E  PER M I T T I V I T Y CF D I E L E C T R I C  USED IN W A V E G U I D L  LLE~ -c NT S

LENGT H OF APER TUR E = 51.72 MM

—1 .1o—~~.87—J.58—C.29 J.OC 0.29 3.58 ~~~~

V — — H A L F  SPAC E
O.4 119083E— 04 0 . 2 3 4 3 4 5 5 E— 04  O. I780 I I8 E— u4— t4 . I - t s t~5384 L— ~ 4— Q . 12j3 2 11t-j 4

— O. 1O687~~9E~~ 4— 0 .62 149 96E—o 5 ).98O 7 i13 E— ~~5 ~.~~32~~3 94 F— ) 5  -C. 32 44 e 1 1 E — -~~O. 1I32 1O7 E—C5—O. 1153654 E—O5— O .6 O644 i~5E— ’~5 tj .41Id 154E— ) 6 C. 155711tj E- ,~5
0.4996 52 -8 E— ~ 5 O.118L 118E—04— (’ .1b85384E — .4 ~- .4 i19t. 83 E— ~ 4 O . L ~34j 4~~~~i- . s
O. 1780 I14E— O4—0 . 1885384E— O4— O . 12332 13 ~~— O 4 — ( . .1O6 a726 E— ) 4—0 .o2149 b4 L-~~O.9807 145E—t .o5 Q .8328 3~~8E—0 5 ~ .3244617E 5 .~.113~~I 4E 3 5 ~~~.7 I 5 sb) 4L ..5

—0.6064482 E—05 O .4198 4 16 E— O6— ) . l 23 32 1 IE— U4— u . 1O6~3 7 2 9 t — ) 4 (i.1?O~~L 1 4 t-j 4
— 0. 1885384E 04 0.4 11S’083E 04 ~.~~34.~4~’5E—u 4 L .1?th i18F 4 L.Lød5~ b4c.~~J4
— 0. 123321 IE~~04~ O.1066729E~~O4_ G.62 1499bE~~O 5 0.980(1131 —) 5 O.832dJi4E-~~

,
t .32446 17E— 0 5 O .11 32 I04E— O 5— t .7153654 E—~~5—~~.f~~14996 E—) 5 ~- .~~8u11 13L -.~— O .1 2 332 13E— 04—O.10 6 8  T26E —04 Q .118 0 118E—C4 —0 . I -8d5384E— ) 4 f l .41I~~.i83~ -u4
Cs.234345 5 E— 04 0.I7dL 118E—G4— ~~.1d85384 F—- 4— .I233e.~11t—04— ( .iU6O 1~~~~- ..~— O .6 2 149 9t E— US C.9807 1 13E O5 O .832 8 398E— 0 5 ~.3 2’.46I7E~~

) 5 0. 832s3~~.:~~~5
O.3244617 E—05 —0. -62 14984E—05 ‘J. 98O714 5E—~- 5 —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~o. 1 7&i(~1I8E—u4—o . Iba538 4 E—O4 0 .4 119O d3 E—u4 . ?34i ’ .551- — 0 4 O . I 7~~~11ut-~~—C . I B B 5 3 b , E — ~- 4 — ) . I 2 3 I 1 E — 0 4 — ~~.L -6872 ’ — c 4 — ’ .b~~1~s 9 o 4 E — 3 5  L’.’,0~J71~.5E- ,~’5
O.1132107E—05—0. 1I536~ 4E— 05 O .832839~i E — i 5  ~ .32446 17~ —3 5—G.621 4 9~ o~ - - , 5
c .98c 7 113 E— o 5—3 . 1233 ~~11E—t ; 4 — o . 1 ; 6 a 7 2 9 F — C 4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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O.4119083E—04 O.2343-’s55E— 04 0.1780118E—)4—C .IddS3d4E—D4—t.1 3213E— -’ -.

— L~.1O 6a7~ bE— (4—O.6064485E—O5 -~ .4198154E— 6 u. 11~~~1. 4E—) 5— .. 7153654~ -
_j5

O .8328394E—05 0. 324 ’s 6 17 E— O5—O .62149 96 E— ~~5 O.9d07 1 131—) 5—0 . 123321 I E— .~.
—0.1068729E—04 0.Ildi 118E—Ce 4—u.18853~34E— - 4 

- .41i’i~~83L — ’)4 (‘.~~343455L- -:4
O .1780114E—u4—O.l8d5384E—04 0.1557118E— L5 u .~~~c?6528E—) 5_r :.6U644cs2E_~~5 I
O.4198476E—06 0.113~~1C4E—O5—C. 7153654E—05 (.832b3981—JS ‘!..L44b17E— ..~ 1 -

—O.6214984E—05 C.9807I4~ E—O5—0. 12332I3E—O4—G .t~.i&’O726F—)4 O.I1~~~1 14L—~~4
—O .1885384E—u4 0.41 153 83E—04 O.2343455E—u4

E I G E N V A L U E  1 = o.7963572E— (:4

E1GENVALU L 2 = U.74a1415E— (~4

E LGE NVALUE 3 = ~
1 .55J2JU7E—~ 4

EIGENVA LUE 4 = ~.5514J34E—~ 4

tIG ENVALU E 5 = fl.4d 2~ 286E-O4

EIGENVAL U E 6 = O.11~~1671E—04

EI IGENVA LUE 7 = O.1bS8d26E—~ 6

EIGENVAL UE 8 = ~.144O352E-L i

p — — MEASUREMENT V S L T C P  — — E — P L r E

APE RTURE - — 1 PM = U .21%43Y7E—~~1-~~.1Y~ 6’.43E 
,
‘

APERTURE — — 2 ~~M = Z,. 745 1952F ~~~~~~~~~~ 29 ~c552E .~~t .

APERTUP E — — 3 P~ = 0.55 78344~ .~~~~ 0.5 733526E vU

APERTU R E — — 4 P M  =— O. 3L l1~~79L UC O. 73 O93 5 ’I c  vO

4PERTU PE — — 5 PM =—O.7999454E J.C~- - 2 - ~uL ~C

APERTU RE — — 6 ~~M =—O .3111819E ~C—0.7369359E ..0

APERTURE — — 1 PM = 0.5578344E u —0 .5733526E ‘.0

APERTU RE — — 8 PM = O.7451952E 03 Oe 2’~08 5 52 L 

~

j(j

E — P L A NE

CG M PLEX G A I N  10.24

C O MPL EX E~~U !VALE~’T V LLT A G E FOF MAX IMUM C~.M PL cX GA IN

—O .’144ub’~E 05 0.55Ib969E 05 0.129431~~E L-6—U.1 5.1th j6—O.I7~ .JS2.L 3 t

O.1935a~~F ~.6 .1~~727 FOE O6~~~.2837579E c6t .Ib4S Q U JE ,~~~~~ ~
- .g ~ 9~~~ j b b jL

O.I11I 9~’u C6—O.23411C3E 06—U.4962431F 05 ~,.1b1-~’,s9t je 0.3ud~ &’3bL ~~—U .6 d8 7 3S~4-  L-~~

L _  _ _ _  --
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1 1
f 

MAXIM U M R EAL GAI N = 5.75

REAL EQUIVALENT VO LTAGE FOP MAXIMUM PEA L GA IN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

C~ ( .62551~ 9[ )6 U . t ~2~~~ 304L ~~O

~.U A0 S——8L LADS — 50 DEGREES

8LJAD—KESCNAT !NG REA L SOURCES

—0.1774331E—J4—0.3C13UJ9E—04—O.375S363E—~ 4 . J~- -~ .- j F  ~U—C . , 7329 . 3 L- ~~4—O.3755678E—04—0.3 73015E—O4—~i.177496)F—O4 —

HI = O.1409569E C3 O.uC00000E 00
H2 —C.2527136E C 6—O.19u47I5E 07
H3 =—O .2527211t C6 0.1 904705E 07
H4 0.1545116E 12—O.33952~ OE 05

H5 ~‘ .1119568E c-I
H6 —O.1417972E C5
H? = ~j.2964.323E C3
H8 = 0 .34 2 3~ 29E Ce
H9 =— O . 1 1 7 0 2 6 5 E  ( 5

UI —L ,1116b07E ~•5 J.2477C 63E 04
DEN = O.1349388E 03
GAIN = 2.32

MINIMIZ ATION OF Y=F(~- ) W ITH RESPECT TO ITH LEAD

X l i) = O.5t35927E c5
Y ( I . )  = 0.’.31~~35U ~3
SZ = (.1769241E t~5

PRELIMINAR Y SEARCH ON THE NEGATIVE SILL.

~.5635927E 05 O.5635927E 05 0.56359~ 7E 35 ~.5635922L- )5 ~~~~~~~~~~ ~~

0.563589cE 05 0.5635871E 05 0.56358165 ~5 
,...5t~

j57juE D5 0. 354~ 9~ ~.,5 
-

0.5635012 E 05

0.431635~ E 03 C.4316353E 00 -~ .4316353E .0 ‘.4316357t ) ; -  .~~3 1b3o 3L

G.4316371E 03 0.4j16385E CD ~.43t64I7 0 ‘
~.43LO483~ ) - :  -3.431ôoi~~~

O.43 16873E 00

PRE L iMI N A R Y SEARCH .N THE. POSITIVE SIDE

L - 
~~~~~~~~~~~ --~~~~~~~~~~~ ~~~~~- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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60
0.5635 927 E 05 0.5~~35OL2E 05 u.5635931E uS ~i.5ti3593IE 35 0.563593b~. ~~

(~.5635945E u5 0.5635959E 05 ,.5o359b7F 35 ..5e~io-~’,2L 
3 5  t~.5bi u15~~L ~5

O.5636389E (‘5 0.56368-41E 05

u.43163565 .3 C.43168?3E Y~ ~.431635~ L 0~ 2.4~~1t~~O3t- 35 u.~~316~ 4u~ ~~ - .

0.43 16343 E 0-3 C .4316 3 3 5 E  00 0.431632~~E ~0 •. L - 2 ~i9E 3 )  
~..4~~Lt2~~2L

3.4316092E ~o C.4315833E 00

FINAL SEARCH

C.5635927E 05 3.563L847E 05 ~3.5637767E ~ 5 ~.5o3 ~ 6u9E 35 ~.5b432~~~E ~ 5

O.565u673E uS O.566~ 4S7E 05 3.5695379E C S  C-.575~~)Y4E 35 ~.58ø1’.97E ~~

0.6 149443E 05 0.676591.3E 05 0.84626631 ~5 O.169 7-~j9E 36 c.1i~ 954o~ ~~0

O .75 19763E uS 0.9675919E 05 ‘J. 7963400E j5 0.5u28719E 35 5.b7.~t 5 . l b  ~5

0.9341119E 05 0 .888L 2 l9E 05 ~.89 53856~- 05 0.89168a81- 35  u.~~99113I ~5

C.8935331E iS ‘J.8’~72456E 05 .~.894458iE .i5 u.d9’+~ 219[ 35 3.d~i399St~E ~5

0.8946~ G0E ..,5 G.894~.275E £5 C . 8 9 4 3 4 3 1 E  LS f:.8-i41119E )5 - .~~9~~~8~ óL ~~

0.8941 7Ii0E uS O.-d9425o3E 05 .~.8942419E u5 ~,.3~ 42i13c 05 - .-b942’.-~4E ..~~5

c.8942638 E 05 0.894253 1E 05 u.89426u6E 05 U . d 9 ~.2550E 35 O.ô9425~ o~ 
:~~~‘~

0.8942556E 35 0.894251SE 05 O.8942563E ~5 0.8s425o 3E 35

0.43 16356E Do O.4315833E uO 0.4315315E EQ 3.43142755 35 C.43122~ 8t

0.4308.)78 E uO u.4299 8 19E 00 0.42837-JIE uO O.4252247E 30 3.419~ d38c ~~~J

O.40 b7 559E 00 0.3’~2 15C5E 00 0.3783 3321 00 C.4 u3 1472 E 30 0.3831652E ~~

0.38 283~~3E 0. C.318t221E 30 U.379553-9E Eu 3.37791361 3C~ 0 .3 1797 b3 E ~J

0.3781313E 00 u.377c LO1E 00 0.3779028E ~~ O.3179~~4 iE 3C C .37 19o63E

0.377903CE 00 C.3 ? 7 ’ ~u4 L E CO 3.3779027E CC ;.377~
-.~28E 

)~~ r.37790~~b~

0.371~ 03CE 00 0 .37  790 2 7E 00 0.377 3 (-0 0.3 11~ u30E 3 -:; O.3779o29~ ~~

u .3779C3 0E 03 c.3779C20E 00 0.31790305 00 O.37T~ 028E 30 G.3i7~ 027E

u.377903CE 0~ 0.3179u29E 03 0.37790321 L~~ 0 .3 17~~-J29F 30 0.3?79u.~~t E~-

0.3779030E uO J.3?75-)jIE ~U v.3779C26E ~C 0.31750261 30

MI N IM IZAT!C N OF Y:~~(X ) WITH RES PECT If) 2TH IDA).)

X li) = O.3254139E 05
V I I )  = 0 . 37 1 6 7 1 1 E  s : >

Si = 0.14 124731 CS

Li 
_________________________________________________________________________________________& __________________________________
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6].M I r .JIMIZAT ION OF  ~‘ = F ( X )  ~‘d!T H CESPECT TO 3TH lEAu

X(1) = 3.2662856E 5
V ( l )  = 0.26568~~?E .~~ )

SZ ~a. 138587 t i  (5 —

~i !N IMI ZATI0N OF Y= R (X) W!T~ 1- LS PECT IC 5TH L AL )

X l i )  = 3.267~ d59E 05
V ( I )  = 0 . 2 6 2 4 72 C 5  1.0
Si = .1539j32E L5

MIN IM I ZAT IC N OF Y F(X) dI T Ii ~-ES PEC T TO oT H  L LA U  —

X III = -j.2662635E ~5
V ( 1 )  = 0.2388’.43E U0
SZ 0.1769553E ~.5

U

M I NIMIZATI ON JR Y F(X) 4ITH ~ESPECT TO 71H LEAD

X CI )  = 0.32541335 ~5
VU) = O.23~ 468SE ~~~

‘

Si = 0.1843652E .5

M INIM IZA T IC~ OF Y= F C X ) vdTH RESPECT T~ ~TH LOAD

X CI ) = 0.5~ 33930E 05
V II) = 3.~~I~~5733E ~:O
S Z = 0 . 1 7 5 S 6 5 2 E  CS

F INAL VALUE OF GA IN = 4.96

FINAL VALUE OF GAIN = E.89

FINAL VALUE OF GA IN = o.32

FINAL VALUE CF GA IN 6.41

FINA L VALU E OF G~~I ’~ = 6.47

F INAL VALUE CF G A I N  = 6.53

F INA L  V A L U E CF GA IN = 6.58

FINAL REACTIVE LEAD VALUES

—C . 1592384E — J4— C. 359 36 ’ .8E— u4— ~~.~~~u49d2 E— J4 - ~~~~~~~~~ JC—J .4~~19b~..9t- 4

— C .3 708874 E—04—0. 2 ’ i24 u0 TE — U4— O .3U 7991t~~—04

FINAL V ALUE CF GA IN = 6.58
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GAIN P A T T E RNS — — 5~ D EGP~EES

MAX IMUM GA IN — CCMPL~~X EQU IVA LEN T V0L T~~G

0.58 0.58 O.54  v.41 0.17 ~~~~~~~~ (.34
1.81 4.65 8.J~ 1-3.24 9.54 5.12 2. 2~
3.15 0.24 3.83 J.b6 0.12 ,.a. ,5 ~.35-

~~~~ 1 -‘ -
~ 1 ._l C ‘‘ ‘ — - -

U U L ..J1 J. ). •J.

3.07 0.26 0.25 -3.13 0.00 s.18 ‘ .61
1.20 1.43

MA X IM UM GAIN — R E AL i Q U IV A L E N T  VJLTAGt

0.3 8 J.u5 ~~~~~~ 0.32 3.08 ~~~~ ~~~~~~~~~)•3], 1.58 ~~. 1 - 5.15 5.88 ~.75 1 . 1 W

0.01. 0.5’. 1. Y -3.41 O.Ov ,.47 1.~,.

~.54 1.03 1.1~. 
7

•7 5  5.8o 5.75 j.7o
1.58 0.31 ..i- ~ .06 0.08 ~~~~~ 2 C

~~~~ 0.-.8

GA IN — L O A D E C  A P[~~T~J~ ES  — MO DAL -~E S C 4~ C~ L - : t~r s

u .9 6  0.92 1.21 1.58 2.56 3.2 6  2 .84
1.37 0.1]. 0.48 2.32 3.70 3.36 t.2o
u.56 1.29 1.66 o.74 C.’..- ) - - .69 1.62
1.32 0.67 1.4~’ 3.25 3.87 2.44 C.~~4
3.12 1.38 ~~~~ 3.38 2.7~ 1.72 1.11
0.9 7 0.99

GAIN — LEA DE L A P ? - F T t J r  E. — OP T IMUM LOADS

3.32 2.76 2.05 1.32 0.75 i.58 (J .d~3
1.74 3.24 5.14 6 .5 8  6.47 4.47 1.74
0.12 0.31 1.2k I.i4 3.61 c.~)7 o .2 8
0.79 0.94 0.72 0.46 0.37 c.47 0.76
1.21 1.64 1.-’3’ 1.60 1.20 - . .83 0.64
~.6I 0.62

DIST ANC ES CF SHCRTS r~~p WAVE GUIDE LOA DS — 5~ DLG~ EES

SHOPT (1) = 34 .690 M M

SHCRT (2) = 34 .464  - - l ’ .i

SHO~ T(3) = 34.531 MM

SHJRT(5) = 34.394 MM

SHOPT (6) = 34.451 C’’M

SHORT (7) = 34.54: ~M

~~1ORT( 8) = 34 .522 MM
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